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We showed previously that herpes simplex virus type 1 (HSV-1) suppresses the interferon (IFN) signaling
pathway during the early infection stage in the human amnion cell line FL. HSV-1 inhibits the IFN-induced
phosphorylation of Janus kinases (JAK) in infected FL cells. In the present study, we showed that the
suppressor of cytokine signaling-3 (SOCS3), a host negative regulator of the JAK/STAT pathway, is rapidly
induced in FL cells after HSV-1 infection. Maximal levels of SOCS3 protein were detected at around 1 to 2 h
after infection. This is consistent with the occurrence of HSV-1-mediated inhibition of IFN-induced JAK
phosphorylation. The HSV-1 wild-type strain VR3 induced SOCS3 more efficiently than did mutants that are
defective in UL41 or UL13 and that are hyperresponsive to IFN. Induction of the IRF-7 protein and tran-
scriptional activation of IFN-�4, which occur in a JAK/STAT pathway-dependent manner, were poorly induced
by VR3 but efficiently induced by the mutant viruses. In contrast, phosphorylation of IRF-3 and transcriptional
activation of IFN-�, which are JAK/STAT pathway-independent process, were equally well induced by the
wild-type strain and the mutants. In conclusion, the SOCS3 protein appears to be mainly responsible for the
suppression of IFN signaling and IFN production that occurs during HSV-1 infection.

Cells have various defense mechanisms that protect them
from viral infection. In turn, viruses suppress or escape host
responses by a variety of strategies. Interferon (IFN) is induced
by viral infection and plays an important role in the defense of
the host cell from viral attack. When IFN binds to specific cell
surface receptors on the host cells, it promotes the antiviral
state through induction or activation of the 2�,5�-oligoadeny-
late synthetase (2-5AS)/RNase L system, the double-stranded
RNA-activated protein kinase, and the MxA protein (10, 30,
35). The signal transduction pathway of IFN consists of Janus
kinases (JAK), tyrosine protein kinases that interact with the
intracellular domains of the receptors, and the STAT family
proteins, transcription factors that are activated by their phos-
phorylation by JAK. This pathway, which is designated the
JAK/STAT pathway, also transduces various cytokine signals.
There are four JAK proteins (Jak1, Jak2, Jak3, and Tyk2) and
seven STAT proteins (STAT1 to 4, STAT5a, STAT5b, and
STAT6) (1, 9, 17, 25). Each cytokine employs a particular
combination of the JAK and STAT proteins, which determines
the specificity of the cytokine responses. For instance, Jak1 and
Tyk2 are associated with the IFN-�/� receptor complex. These
JAK proteins are activated by phosphorylation after IFN-�/�
binds to the receptor, and they then phosphorylate STAT1 and
STAT2. The transcription factor ISGF3, which consists of
phosphorylated STAT1, phosphorylated STAT2, and IRF-9/

p48/ISGF3�, forms and then translocates into the nucleus and
binds to IFN-stimulated response elements in the promoters of
IFN-inducible genes (9, 12).

DNA and RNA viruses use various strategies to counteract
the IFN-induced antiviral response (2, 11–13, 22). Blocking the
JAK/STAT pathway, which is an entrance of IFN action, is a
more efficient way to counteract the host defense reaction than
inhibiting each of the IFN-induced effector molecules individ-
ually. It has been reported by Miller et al. (20, 21) that of the
Herpesviridae, human cytomegalovirus downregulates the ex-
pression of Jak1 and IRF-9. Recently, we demonstrated that
herpes simplex virus type 1 (HSV-1) suppresses IFN-induced
JAK phosphorylation during the early infection stage in the
human amnion cell line FL but not in the human monocytic
cell line U937 (44). In the present study, we showed that
HSV-1 induces a host inhibitor of the JAK/STAT pathway,
specifically the suppressor of cytokine signaling-3 (SOCS3)
protein. The SOCS family proteins are STAT-induced STAT
inhibitors that constitute a negative feedback system of the
JAK/STAT pathway. These proteins commonly share an N-
terminal region of variable length, a central src homology 2
domain, and a C-terminal SOCS box. SOCS proteins are gen-
erally expressed at low levels in cells, and transcription of their
genes is induced by various cytokines that activate the JAK/
STAT pathway (3, 7, 14, 41). To date, eight SOCS family
proteins (SOCS1 to 7 and CIS) have been identified. CIS,
SOCS1, SOCS2, and SOCS3 have been reported to inhibit the
signal transduction of various types of cytokines. Of these,
SOCS1 and SOCS3 have been reported to inhibit the signal
transduction of IFN (4, 36, 38).
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MATERIALS AND METHODS

Cells and viruses. The human amnion cell line FL was routinely cultured in
RPMI-1640 containing 10% fetal bovine serum. The HSV-1 strain VR3 was
obtained from the American Type Culture Collection (Manassas, Va.). UL41-
defective (d41) and UL13-defective (d13) mutants derived from VR3 were pre-
pared as described previously (37, 39). Unless otherwise mentioned, virus infec-
tion was performed at a multiplicity of infection of 5 (MOI 5). Virus titers in the
culture supernatant were determined by a plaque-forming assay using Vero cells
as an indicator. Virus inactivation by UV irradiation was performed according to
a previous report (44).

Plasmids and transient transfection. Human SOCS3 cDNA was prepared by
reverse transcription-PCR (RT-PCR) using cellular RNA derived from FL cells
infected with HSV-1 for 10 min as a template. The primer set for preparing
full-length SOCS3 cDNA was as follows: sense, 5�-ATGGTCACCCACAGCA
AGTT-3�; antisense, 5�-CTTAAAGCGGGGCATCGTACTG-3�. The resulting
PCR product was ligated into a mammal expression vector, pTargeT vector
(Promega, Madison, Wis.) and cloned.

The plasmid was transfected into cells by using SuperFect reagent (Qiagen,
Hilden, Germany) according to the manufacturer’s instruction manual. After
24 h of transfection, the cells were treated with human IFN-� (Serotec, Oxford,
United Kingdom) at a final concentration of 1,000 IU/ml.

Western blotting. Preparation of total cell lysates, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and Western blotting were carried out as
described previously (43, 44). Rabbit anti-SOCS3 antibody was purchased from
IBL (Gunma, Japan). Rabbit anti-STAT1, anti-IRF-3, and anti-IRF-7 antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Rabbit
anti-phospho-STAT1 (Tyr701) antibody was from Cell Signaling (Beverly,
Mass.). Alkaline phosphatase-conjugated anti-rabbit or mouse immunoglobulin
antibodies (BioSource, Camarillo, Calif.) and bromochloroindolylphosphate-ni-
troblue tetrazolium were used as secondary antibodies and the enzyme substrate
for Western blotting, respectively. The resulting protein bands were scanned on
a flatbed scanner and quantified by using the NIH Image program (National
Institutes of Health, Bethesda, Md.).

RT-PCR. Total cellular RNA was prepared by using the RNeasy Mini kit
(Qiagen). RT-PCR was performed with the OneStep RT-PCR kit (Qiagen). The
quantitative nature of the PCR was validated by the linearity of the determina-
tion curve at various concentrations of RNA. The primer sets used to detect
SOCS3, SOCS1, and CIS mRNA have been described elsewhere (29, 33). The
primer sets used for IFN-� and IFN-�4 have been described previously (28). The
following primer sets were used for 2-5AS: sense, 5�-CCAGGAAATTAGGAG
ACAGC-3�; antisense, 5�-TGGCAGGGAGGAAGCAGGAG-3�. The primers
for IRF-3 were the following: sense, 5�-GACCCTCACGACCCACATAA-3�;
antisense, 5�-ACCCCACCAGCCGCAGGCCC-3�. The primers for IRF-7 were
as follows: sense, 5�-GAGCCCTTACCTCCCCTGTTAT-3�; antisense, 5�-CCA
CTGCAGCCCCTCATAG-3�. The primer set for actin was purchased from
Clontech, and that for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
has been described previously (42).

RESULTS

Suppression of the JAK/STAT pathway by HSV-1. In an
earlier study, our group showed that HSV-1 suppresses the
IFN-induced phosphorylation of JAK, STAT1, and STAT2
during the early infection stage in FL cells (44). In the present
study, we further examined the effects on the JAK/STAT path-
way of IFN-sensitive HSV-1 mutants that are defective in teg-
ument proteins UL41 and UL13 (designated d41 and d13,
respectively). These mutants display higher sensitivity to IFN
compared to the wild-type strain, VR3 (37, 39). Figure 1 shows
the effects of virus infection on IFN-�-induced STAT1 phos-
phorylation in FL cells. Infection (after 3 h) with the wild-type
strain, VR3, almost completely suppressed IFN-�-induced
STAT1 phosphorylation (Fig. 1A) and 2-5AS mRNA expres-
sion (Fig. 1B). This inhibition was observed after 2 h of infec-
tion and continued until cytopathic effects were observed (data
not shown) (44). In contrast, infection with d41 and d13 only
partially inhibited IFN-�-induced STAT1 phosphorylation and
2-5AS mRNA expression. Compared to the uninfected con-

trol, both responses were still nevertheless weaker and delayed
by d41 or d13. d41 inhibited the IFN-�-induced responses
more weakly than d13. These results indicate that the suppres-
sion of the JAK/STAT pathway by HSV-1 largely contributes
to viral resistance to IFN and that the viral tegument proteins
UL41 and UL13 take some part in this inhibition.

SOCS3 is induced by HSV-1. To reveal the mechanism by
which HSV-1 inhibits the JAK/STAT pathway, we examined
the expression of the SOCS family proteins. Western blot anal-
ysis showed that SOCS3 protein levels were markedly upregu-
lated by HSV-1 infection after 1 to 2 h of VR3 infection (Fig.
2A and B). This time course is in agreement with that for the
observed inhibition of IFN signaling (44). With regard to
SOCS3 mRNA levels, they increased between 10 and 20 min
after infection, and maximal levels were observed at 30 and 60
min (Fig. 3A). The mRNA levels rapidly decreased after 2 h of
infection. For VR3 and d41, SOCS3 mRNA levels were slightly
higher at 4 h than at 2 h postinfection. The reason for this is
unclear, but it could be a secondary response. On the other
hand, SOCS3 protein levels were maintained at similar levels,
even at around 12 h after infection (Fig. 2C). The induction of
SOCS3 protein and mRNA is dependent on the virus MOI
(Fig. 2D and 3B). The d41 and d13 mutant viruses only weakly
upregulated the inhibitor, SOCS3, at the levels of mRNA (Fig.
3C) and protein (Fig. 2B). The lower induction of SOCS3 by
the tegument-deficient mutants compared to the wild-type
strain was consistent with the weaker inhibition of IFN-�-
induced JAK/STAT signaling (Fig. 1). When the wild-type
virus, VR3, was inactivated by UV irradiation, it did not induce
SOCS3 protein (Fig. 2C). SOCS1 and CIS were little or not

FIG. 1. Effects of infection with HSV-1 strain VR3, a UL41-defi-
cient mutant (d41), or a UL13-deficient mutant (d13) on IFN-�-in-
duced tyrosine phosphorylation of STAT1 (A) and induction of 2-5AS
mRNA (B) in FL cells. FL cells were infected with HSV-1 VR3 or the
d41 or d13 mutant at MOI 5 for 3 h. (A) The infected cells were
treated with 1,000 IU of IFN-�/ml for 10 or 20 min. The cell lysates
were then subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on a 7.5% polyacrylamide slab gel and analyzed by West-
ern blotting using anti-STAT1 and anti-tyrosine phosphorylated
STAT1 (STAT1-pY) antibodies. C, uninfected control. (B) The in-
fected cells were treated with 1,000 IU of IFN-�/ml for 6 or 12 h, after
which total cellular RNA was extracted. 2-5AS mRNA levels were
determined by RT-PCR. GAPDH mRNA levels were determined as a
control.
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induced by HSV-1 and the mutants (Fig. 3C), which indicates
that HSV-1 inhibits the JAK/STAT pathway by specifically
inducing SOCS3.

IFN signal transduction is inhibited by overexpression of
SOCS3. To assess whether SOCS3 can repress IFN-induced
JAK/STAT signaling, we transiently overexpressed SOCS3 in
FL cells by transfection with the pSOCS3 expression plasmid
and then treated them with IFN-�. IFN-�-induced STAT1
phosphorylation was clearly suppressed in cells transfected
with pSOCS3 (Fig. 4). These results indicate that HSV-1-in-
duced SOCS3 is sufficient for the suppression of IFN signaling.

Suppression of the JAK/STAT pathway leads to inhibition of
IRF-7 induction. We also characterized the effect of the virus-
induced SOCS3 protein on the system that produces IFN. IFN
production via the JAK/STAT pathway has been well charac-
terized (5, 18, 31). Initially, IFN-� is transcriptionally activated

by phosphorylated IRF-3 and activated NF-�B. Both transcrip-
tion factors are activated by various extracellular stimuli, in-
cluding microorganisms and their components, in a JAK/STAT
pathway-independent manner. We found that in FL cells chal-
lenged with VR3, d41, and d13, IRF-3 was equally well phos-
phorylated, as revealed by slower-migrating bands in Western
blots compared to the unphosphorylated form (Fig. 5B). IFN-�
mRNA induction was also upregulated to a similar extent by
the three virus strains (Fig. 5A).

In general, virus-induced IFN-� stimulates the expression of

FIG. 2. Induction of SOCS3 protein by HSV-1 infection. (A and B)
FL cells were infected with HSV-1 VR3 or the d41 or d13 mutant at
MOI 5 for various periods. (A) The infected cell lysates were then
analyzed by Western blotting using anti-SOCS3 antibody. Actin was
employed as a control for protein loading. (B) Each band was quan-
tified, and the results of the experiments performed in triplicate
(means � standard deviations) are shown. (C) FL cells were infected
with HSV-1 VR3 or UV-inactivated virus for various periods. (D) FL
cells were infected with VR3 at various MOIs for 2 h, and the levels of
SOCS3 protein were then determined. The expression of SOCS3 pro-
tein was detected by Western blotting (arrow). *, nonspecific binding;
C, uninfected control.

FIG. 3. Induction of SOCS3 mRNA by HSV-1 infection. (A) FL
cells were infected with HSV-1 VR3 at MOI 5 for various periods. (B)
FL cells were infected with VR3 at various MOIs for 30 min. The levels
of SOCS3 mRNA were determined by semiquantitative RT-PCR.
(C) FL cells were infected with HSV-1 VR3 or the d41 or d13 mutant
at MOI 5 for various periods. The SOCS1, SOCS3, and CIS mRNA
levels in the infected cells were analyzed by semiquantitative RT-PCR.
GAPDH was determined as a control. C, uninfected control.

FIG. 4. Overexpression of SOCS3 suppresses IFN-�-induced Tyr-
phosohorylation of STAT1. FL cells were transiently transfected with
the SOCS3 expression plasmid (pSOCS3). (A) The expression of
SOCS3 was determined by Western blotting. (B) After 24 h of trans-
fection, the cells were treated with IFN-� (1,000 IU/ml) for 10 or 20
min. The cell lysates were then analyzed for the Tyr phosphorylation
status of STAT1 by Western blotting. Actin and STAT1 were used as
controls. *, nonspecific binding.

FIG. 5. Semiquantitative RT-PCR analysis of IRF-3, IRF-7, IFN-
�, and IFN-�4 mRNA (A) and Western blotting analysis of IRF-3 and
IRF-7 (B) in FL cells during infection with HSV-1 VR3 or the d41 or
d13 tegument protein-deficient mutant. FL cells were infected with
virus at MOI 5 for various periods. The phosphorylation status of
IRF-3 was determined by Western blotting using an anti-IRF-3 anti-
body. Unphosphorylated and phosphorylated forms of IRF-3 are in-
dicated by U and P, respectively. In contrast, total protein levels of
IRF-7 are shown. C, uninfected control. Actin mRNA and protein
(RT-PCR and Western blotting) and GAPDH mRNA (RT-PCR)
were determined as controls.
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IRF-7, a component of the transactivator of IFN-� genes, to
produce large amounts of IFN, via the JAK/STAT pathway in
an autocrine or a paracrine manner (5, 18, 31). In turn, IRF-7
mediates the induction of IFN-� and various IFN-inducible
genes. In human cells, the expression of IFN-�4 is not acti-
vated but rather is inhibited by cooperative interactions be-
tween IRF-3 and NF-�B (32). Consequently, it appears that
the induction of the IFN-�4 gene is IRF-7 dependent but not
IRF-3 dependent. In other words, it is considered to be de-
pendent upon the JAK/STAT pathway but not the IRF-3/
NF-�B pathway. We found that infection of FL cells with the
wild-type strain, VR3, poorly induced IRF-7 protein, even
though IFN-� was induced (Fig. 5). However, the IRF-7 pro-
tein levels were increased by the two mutants defective in
tegument proteins (Fig. 5B). These results indicate that the
inhibition of the JAK/STAT pathway due to HSV-1 infection
leads to significant blockage of JAK/STAT-dependent IFN
production and to suppression of the antiviral effectors that are
regulated by IFN. Consistent with this finding is that IFN-�4
mRNA levels were upregulated by the two mutants but not the
wild-type strain.

The levels of IRF-3, IRF-7, and actin mRNAs decreased
about 12 h after infection with the wild-type strain but not the
mutant strains (Fig. 5A). This may have been due to the deg-
radation of mRNA by the action of the viral host-shutoff (vhs)
protein, which is encoded by the UL41 gene (15). The protein
kinase that is encoded by the UL13 gene has also been re-
ported to be involved in the regulation of vhs activity (26).

DISCUSSION

We previously reported that HSV-1 infection leads to inhi-
bition of the IFN signal transduction pathway, as we observed
marked suppression of IFN-induced phosphorylation of Jak1,
Tyk2, Jak2, STAT1, and STAT2 (44). These results indicate
that HSV-1 inhibits the JAK/STAT pathway at a point that
precedes the JAK phosphorylation step. In the present study,
we showed that SOCS3, a host JAK/STAT inhibitor, is tran-
scriptionally induced by HSV-1 infection. SOCS3 inhibits JAK
phosphorylation through binding to the cytokine receptors (3,
14). To our knowledge, only one report showing that virus
induces SOCS3 has been published to date. Namely, Bode et
al. (4) demonstrated that human hepatitis C virus core protein
transcriptionally induces SOCS3, which suppresses the IFN-
induced antiviral state. In the case of HSV-1 infection studied
here, maximal protein levels of SOCS3 were detected a few
hours after virus infection. This finding is consistent with the
kinetics of the HSV-1-mediated IFN signal transduction sup-
pression described previously (44). It has been shown that
HSV-1 activates IFN-inducible genes under experimental con-
ditions in which de novo cellular protein synthesis was inhib-
ited (23, 24). These observations are consistent with our find-
ing that SOCS3 is synthesized de novo following HSV-1
infection. In addition, UV-treated VR3 did not induce SOCS3,
which correlates with its poor inhibition of the JAK/STAT
pathway (44). In the previous report, we initially speculated
that the virus-mediated inhibition of the JAK/STAT pathway
requires viral protein synthesis. However, we found that
SOCS3 induction occurs too rapidly (within 10 min) at the
mRNA level for it to be driven by the de novo synthesis of viral

proteins. Two mutant viruses that are defective in one of the
tegument proteins UL41 and UL13, which are hypersensitive
to IFN (37, 39), weakly induced SOCS3 compared to the pa-
rental wild-type strain. Accordingly, we now postulate that the
induction of SOCS3 occurs after endocytosis or uncoating but
not at the step of virus attachment to host cells. The UL41
gene product is an RNase, the vhs protein, which rapidly de-
grades host and virus mRNA and thereby causes protein syn-
thesis shutoff (15). The UL13 gene encodes a protein kinase
whose exact function is currently unknown. However, it is
proposed that the protein kinase regulates vhs activity (26).
The impairment of SOCS3 induction by these mutants should
contribute to their hypersensitivity to IFN. However, we found
that the mutant viruses are still able to weakly induce SOCS3.
Consequently, we propose that the two tegument proteins do
not contribute directly to SOCS3 induction. The poor induc-
tion of SOCS3 by these mutants may instead relate to the fact
that they replicate with a lower efficacy (about 1 log unit less of
virus titer) than the parental virus (data not shown).

We also suggest that the induction of SOCS3 by HSV-1
blocks the IFN production system. The IFN production system
has been well characterized (5, 18, 31). Initially, IFN-� is tran-
scriptionally activated by phosphorylated IRF-3 and acti-
vated NF-�B in a JAK/STAT pathway-independent manner.
Virus-induced IFN-� then stimulates the expression of IRF-7,
a component of the transactivator of IFN-� genes, via the
JAK/STAT pathway (5, 18, 31). IRF-7 subsequently mediates
the induction of IFN-�, such as human IFN-�4, and various
IFN-inducible genes. This cycle results in the production of
large amounts of IFN-� and the establishment of a strong
antiviral state. SOCS3, which is induced by HSV-1, may sup-
press the JAK/STAT-dependent production of large amounts
of IFN-�. We found that after HSV-1 infection, IFN-� is
upregulated but IRF-7 and IFN-�4 levels are poorly induced
(Fig. 5). However, HSV-1 activates IFN- (namely JAK/STAT
pathway-) independent signal transduction, including IRF-3
phosphorylation and upregulation of IFN-� (27; also this
study). These events were equally well induced by the wild-type
virus, VR3, and the mutant viruses d41 and d13. In contrast,
the IFN-dependent signal transduction activated by IFN-� is
markedly suppressed after infection with VR3 but only par-
tially blocked by infection with the mutant virus particles.

SOCS3 is an important regulator of cytokine signaling.
SOCS3 induction would influence not only the IFN system but
would also have a dramatic impact on the immune system in a
manner that would favor HSV-1 replication. For example,
SOCS3 promotes Th2 development by inhibiting interleu-
kin-12 (IL-12)-mediated STAT4 activation in T cells (34). It
also negatively regulates IL-2 signaling (6) and IL-2 production
via CD28 signaling (19). Furthermore, it inhibits IL-6 signaling
in macrophages (8, 16, 40). These SOCS3-mediated events
would suppress the ability of the host to clear the virus. We
conclude that the induction of SOCS3 by the virus plays a key
role in host-virus interactions, as it may directly promote an
active and productive infection by the virus. We are currently
elucidating the details of the molecular mechanism by which
SOCS3 is induced and the effects that it has on both the virus
and the host.
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